To determine the physiological significance of tumor necrosis factor ␣ (TNF␣) in the regulation of luteolytic prostaglandin (PG) F 2␣ release by the bovine endometrium, the effect of TNF-␣ on PGF 2␣ output by the endometrial tissues in vitro was investigated and compared with the effect of oxytocin (OT). Furthermore, the presence of specific receptors for TNF␣ in the bovine endometrium during the estrous cycle was determined. 
INTRODUCTION
Prostaglandin F 2␣ (PGF 2␣ ) is released by the uterus in a pulsatile manner to cause regression of the corpus luteum (CL) in ruminants [1] . The pulsatile release of oxytocin (OT) by the neurohypophysis and/or CL stimulates the production of pulsatile uterine PGF 2␣ [2] . Thus, luteal and/or neurohypophyseal OT and uterine PGF 2␣ comprise a positive feedback loop, and activation of this feedback loop may be responsible for the generation of each pulse of PGF 2␣ [3, 4] . It has been suggested that the initial PGF 2␣ release triggers the release of additional OT from the CL and neurohypophysis [5] [6] [7] . However, the stimulus that initiates secretion of PGF 2␣ is not known. Furthermore, although immunization against OT and administration of an OT antagonist block luteolysis in sheep and goats [8] [9] [10] , the blockade of uterine OT receptors with a specific OT antagonist from Day 15 until Day 22 of the estrous cycle affects neither luteolysis nor the duration of the estrous cycle compared with values in control heifers [11] . Therefore, we hypothesize that PGF 2␣ production by the bovine endometrium is regulated by not only OT but also one or more other factors that initiate PGF 2␣ release.
It has been suggested that tumor necrosis factor ␣ (TNF-␣) induces PGF 2␣ output by rat [12] and human endometrial cells [13] . Moreover, TNF␣ mRNA and immunoreactive TNF␣ protein have been detected in oviducts, placentas, uteri, and embryonic tissues in mice [14, 15] , rats [16] , and humans [17, 18] . Interestingly, the TNF␣ gene products in the endometrium are most prominent in the late secretory phase of the human menstrual cycle [18] and in diestrus-II of the mouse estrous cycle [15] . These findings imply that TNF␣ plays a role in the termination of the ovarian cycle in primates and rodents.
In the present study, to determine the physiological significance of TNF␣ in the initiation and regulation of luteolytic PGF 2␣ secretion by the bovine uterus, we investigated the stimulatory effect of TNF␣ on PGF 2␣ output by the bovine endometrium during the estrous cycle as well as the specific receptors for TNF␣ in the bovine endometrium through the estrous cycle.
MATERIALS AND METHODS

Animals and Collection of Endometrial Tissues
Uteri of Holstein cows were obtained at a local abattoir within 30 min after exsanguination and were transported on ice to the laboratory within 1-1.5 h. The stages of the estrous cycle were determined by macroscopic observation of the ovaries and uterus ( Table 1 ). The endometrial strips were dissected from the myometrial layer with the scalpel. Intercaruncular endometrial tissues from the uterine horn, ipsilateral to the CL, were used for the tissue culture. For studies on the specific binding of TNF␣, intercaruncular and caruncular endometrial tissues from the uterine horn, ipsilateral to the CL, were frozen rapidly in liquid nitrogen and then stored at Ϫ80ЊC until the analyses.
Endometrial Tissue Culture
Endometrial strips described above were washed 3 times in sterile saline containing 100 IU/ml penicillin and 100 g/ml streptomycin. The tissue was then cut into small pieces (approximately 20-30 mg) with a scalpel and subsequently washed in sterile saline. After hanging the tissues with steel needles (Gamakatsu Co., Hyogo, Japan), the individual endometrial tissues were placed in culture glass Endometrial tissues at the follicular stage of the estrous cycle, obtained from 3 cows, were exposed to TNF␣ (0, 0.06, 0.6, and 6 nM) for 0.5, 1, 2, or 4 h; each experiment was performed in triplicate.
Cyclic Changes of PGF 2␣ Output in Response to TNF␣ and/or OT The endometrial tissues taken from cows at six stages of the estrous cycle-estrus (n ϭ 3), early I luteal (n ϭ 3), early II luteal (n ϭ 4), mid-luteal (n ϭ 3), late luteal (n ϭ 5), and follicular (n ϭ 3)-were exposed to TNF␣ (0.6 nM) and/or OT (100 nM) for 4 h; each experiment was performed in triplicate.
At the end of each experiment, the conditioned media were collected in tubes with 10 l stabilizer (0.3 M EDTA, 1% aspirin [Sigma; #A2093], pH 7.3), and frozen at Ϫ30ЊC until the PGF 2␣ assay. The tissues were blotted on filter paper and weighed.
PGF 2␣ Determination
The concentrations of PGF 2␣ in the culture media were determined with an enzyme immunoassay described previously [23] . The PGF 2␣ standard curve ranged from 0.016 ng/ml to 4 ng/ml, and the ED 50 of the assay was 0.25 ng/ ml. The intra-and interassay coefficients of variation were 7.4% and 11.6%, respectively. The output of PGF 2␣ was calculated as nanogram of PGF 2␣ per gram of endometrial tissue and expressed as a percentage of control values.
Membrane Preparation
The endometrial tissues taken from cows at six stages of the estrous cycle-estrus (n ϭ 3), early I luteal (n ϭ 3), early II luteal (n ϭ 3), mid-luteal (n ϭ 3), late luteal (n ϭ 3), and follicular (n ϭ 3)-were thawed and minced with scissors in ice-cold 25 mM Tris-HCl buffer containing 300 mM sucrose, 2 mM EDTA, and Complete-Mini (Boehringer Mannheim GmbH; #1836153), pH 7.4. Then the endometrial tissues were homogenized in the same buffer with a Polytron homogenizer (Kinematica, Lucerne, Switzerland) using three 10-sec bursts separated by 1-min cooling periods in ice.
The homogenate of endometrial tissue was subsequently centrifuged at 800 ϫ g for 10 min to remove tissue debris, and the supernatant was collected and centrifuged at 30 000 ϫ g for 20 min to obtain the plasma membrane pellet. The pellets were resuspended and recentrifuged in the same buffer to dissociate TNF␣ from binding sites. The pellets then were washed three times by centrifugation for 10 min at 30 000 ϫ g, decanted, and resuspended in 25 mM TrisHCl containing 10 mM MgCl 2 (pH 7.4). All steps of the endometrial membrane preparations were conducted at 4ЊC. The protein concentrations of the membrane preparations were determined by the method of Osnes et al. [24] , using BSA as a standard.
Radioreceptor Assay
TNF␣ was iodinated with carrier-free Na 125 I (Amersham International plc, Buckinghamshire, England; IMS 30) by the iodogen method as described previously [25] . The specific activity of [ 125 I]-labeled TNF␣ was 324.3 Ci/mmol and the maximum bindability was 20%.
Preliminary studies with the endometrial membranes (the mid-luteal stage of the estrous cycle) were carried out to establish the optimal conditions of incubation time and temperature for maximal binding of [ 125 I]-labeled TNF␣ to the membranes. To reduce nonspecific binding, culture glass tubes were coated overnight with complete calf serum, and then binding assays were initiated. Nonspecific binding was assessed for each level of tracer through coincubation with a 300-fold excess of unlabeled TNF␣ (120 The incubation was terminated by transferring the tubes into ice-cold water and by adding the same buffer into the assay tube. Bound and free tracers were separated by centrifugation at 3000 ϫ g for 40 min at 4ЊC. Supernatants were decanted immediately, and the pellets were counted for [ 125 I] in a ␥ counter (Pharmacia-Wallac 1282; Compugamma CS, Turku, Finland) at an efficiency of 82%. Nonspecific binding accounted for Ͻ 35% of total binding.
Statistical Analysis
The data are shown as the mean Ϯ SEM of values obtained in 3-5 separate experiments, each performed in triplicate. The statistical significance of differences in concentration of PGF 2␣ in culture media between the control and treated groups was assessed by one-way analysis of variance followed by Bonferroni's multiple comparison test (GraphPad PRISM; Graphpad Software, Inc., San Diego, CA). For the statistical analyses of differences in PGF 2␣ output, the percentage relative to the control was used. The data on binding of TNF␣ to endometrial membranes were analyzed with the LIGAND program [26] using nonlinear iterative curve-fitting procedures [27] . The initial parameters were calculated by Scatchard analysis [28] and were then iteratively refined until the weighted sum of squares was minimized. The goodness of fit for the selected model was analyzed by a ''run's test.'' Different models (one or two binding sites) were compared using F-test statistics to determine whether a change in the model resulted in a significant reduction in the weighted sum of squares. The criteria for rejecting or accepting a particular model were based on the calculated probability values [26] . The statistical significance of differences in the binding parameters of TNF␣ receptors was assessed by one-way analysis of variance followed by Bonferroni's multiple comparison test.
RESULTS
Time-and Dose-Dependent Effects of TNF␣ on PGF 2␣ Output
TNF␣ stimulated PGF 2␣ output by the bovine endometrium (the follicular stage of the estrous cycle) in a time- (Fig. 1 ) and dose-dependent (Fig. 2) manner (P Ͻ 0.05). Although TNF␣ had no effect on PGF 2␣ output after 0.5 or 1 h of incubation (Fig. 1) , PGF 2␣ output increased significantly after 2 and 4 h of incubation with TNF␣ to 221% (P Ͻ 0.01) and to 425% (P Ͻ 0.001) of the basal output, respectively. PGF 2␣ output by the endometrium increased (P Ͻ 0.01) in response to TNF␣ at all the doses used (Fig.  2) . The highest stimulations (approximately 740% of the basal output; P Ͻ 0.001) were observed when the endometrium was incubated with 0.6 or 6 nM TNF␣.
Cyclic Change of PGF 2␣ Output in Response to TNF␣ or OT
Basal output of PGF 2␣ by the bovine endometrium varied during the estrous cycle (Table 2) . PGF 2␣ output reached the highest value (639 Ϯ 21 ng/g tissue) at estrus (Table 2) and declined at the early II luteal stage (186 Ϯ 12 ng/g tissue). OT increased PGF 2␣ output at the early I luteal, follicular, and estrus stages of the estrous cycle ( Fig. 3a ; P Ͻ 0.01). In contrast to OT, TNF␣ significantly stimulated PGF 2␣ output at all the stages of the estrous cycle ( Fig. 3b ; P Ͻ 0.001). The stimulatory effect of TNF␣ on PGF 2␣ output by the endometrium at the follicular stage (760% of the basal output) was higher than the stimulatory effects in the other stages (from 222% to 405% of the basal output). The stimulatory effect of OT and TNF␣ on the PGF 2␣ output by the endometrial tissues at the late luteal stage (401% of the basal output) was significantly higher than that of OT (140% of the basal output) or TNF␣ (333% of the basal output) alone ( Fig. 4 ; P Ͻ 0.05).
Binding Characteristics
A preliminary assay of the binding of TNF␣ to the bovine endometrial membranes was carried out to test the conditions for the radioreceptor assay described in Materials and Methods. The maximal binding of TNF␣ to the bovine endometrial membranes was reached after 24-48 h at 38ЊC (Fig. 5a ). Specific binding increased with increasing protein concentrations (Fig. 5b) . Figure 5c shows the displacement curves of [ 125 I]-labeled TNF␣ with two related cytokines. The binding was highly specific for TNF␣. There was little or no competition for TNF␣ binding sites by IFN␣ or IL1␣.
TNF␣ receptor concentrations varied during the estrous cycle (Table 3 ; P Ͻ 0.01). TNF␣ receptor concentrations initially increased from the early I to early II luteal stages of the estrous cycle and then remained constant during the mid-and late luteal stages of the estrous cycle. Then, TNF-␣ receptor concentrations tended to decrease from the midluteal stages to the estrus (Table 3) .
DISCUSSION
The present study demonstrated that TNF␣ stimulates PGF 2␣ output by the bovine endometrium, and that specific binding sites for TNF␣ are present in the bovine endometrium throughout the estrous cycle. Moreover, our results indicated that OT stimulates the PGF 2␣ output by the bovine endometrium only in the follicular, estrus, and early I stages but not in the late luteal stage, as judged by macroscopic examination of the ovaries and uterus (Fig. 3) . Moreover, the stimulatory effect of OT on PGF 2␣ output at the follicular stage of the estrous cycle (248% of the basal output) tended to be lower than that at estrus (305% of the basal output). These results support a previous report of an in vitro study that the bovine endometrium was sensitive to OT only during the periovulatory period but not during the late luteal stage of the estrous cycle [29] . Thus, one might speculate that OT plays a role in amplifying the uterine PGF 2␣ secretion only after initiation of luteolysis in cattle.
On the other hand, Schams et al. [30] demonstrated in an in vivo study that the response of PGF 2␣ secretion to the injection of OT into the aorta abdominalis was already observed during the late luteal phase. A similar stimulation of endometrial PGF 2␣ output has been reported when OT given into the systemic circulation of cows on cycle Days 17-19, i.e., the late luteal phase [31, 32] . Such a difference in results may be due to the systems used (i.e., in vitro versus in vivo). Therefore, the relative role of OT in the initiation of luteolysis in cattle requires further investigation. In the present study, a simultaneous exposure of OT and TNF␣ additively affected PGF 2␣ output by the endometrium at the late luteal stage, whereas OT showed no significant effect on PGF 2␣ output at this stage (Fig. 4) . Although the productions of TNF␣ gene and protein in the uterus have been clearly demonstrated in mice [15] , rat [16] , and human [18] , it has not been determined whether TNF␣ is synthesized in the bovine endometrium. It remains to be determined whether TNF␣ is present in the bovine endometrium, and if it is present, what its source is. Recently, we found the maximal concentration of TNF␣ at the late luteal stage in the bovine CL [33] . Thus, the luteal TNF␣ could stimulate PGF 2␣ output by the endometrium, which would then initiate luteolysis in cattle. However, it has not been demonstrated that TNF␣ is involved in the pulsatile release of PGF 2␣ . Further in vivo and in vitro studies are needed to clarify the role of TNF␣ in luteolysis in cattle.
As shown in Figure 2 , TNF␣ was physiologically active at very low concentrations (0.06-6 nM) compared with OT (100 nM), although in preliminary experiments, lower concentrations of OT were also stimulatory (data not shown). Moreover, the concentrations of TNF␣ that stimulated PGF 2␣ output were comparable to the affinity of the endometrial TNF␣ receptor (Table 3) . Consequently, our present results indicate that PGF 2␣ output induced by TNF␣ occurred through ligand binding to the TNF␣ receptors. In the present study, the concentration of TNF␣ receptors fluctuated during the estrous cycle, although the K d value of TNF␣ receptors in the endometrium was constant. It has been demonstrated that the abundance of mRNA encoding TNF␣ receptors was strongly dependent upon stage of the estrous cycle in mouse, and in situ hybridization signals in uterine cells were much more intense during diestrus II, when the mouse uterus had been primed with estrogens and then exposed to high concentrations of progesterone (P 4 ) [34] . In the present study, the concentrations of TNF␣ receptors in the bovine endometrium were higher during each of the luteal stages except the early I luteal stage. This change in the concentration of endometrial TNF␣ receptors was similar to the changes in luteal P 4 secretion [30] . Moreover, it is suggested that expression of the TNF␣ receptor gene is controlled by female steroid hormones [34] . Therefore, we assume that luteal P 4 may be involved in the regulation of the TNF␣ receptor concentration in the bovine endometrium as well as in the mouse endometrium.
Although the concentration of TNF␣ receptors in the bovine endometrium at the early I luteal stage was lower than concentrations at the other luteal stages, TNF␣ strongly stimulated endometrial PGF 2␣ output through the entire estrous cycle. This stimulatory effect was greater at the follicular stage (760% of the basal output) than that at the late luteal stage (381% of the basal output), even though the TNF␣ receptor concentrations at these stages were not significantly different (Table 3 ). These results suggest that the endometrial responsiveness to TNF␣ is not regulated only by changes in the population density of TNF␣ receptor in the bovine endometrium. It is well known that there are two types of TNF␣ receptors (type I and type II) [35] . However, it is not possible to identify which type of receptors was observed in the present binding study. The intracellular domains of these types of receptors are strikingly different, and this is reflected in the transduction of disparate signals [36, 37] . Therefore, one could speculate that the biological activity of TNF␣ is under complex control, and that the effects of TNF␣ depend not only on how much of its receptor is produced, but also on the relative availability of the two membrane-bound receptors. On the other hand, the localization of TNF␣ receptors in bovine endometrium has been demonstrated. Recently, we have found that the target of TNF␣ in stimulating PGF 2␣ production in bovine endometrium is stromal cells, but not epithelial cells, and that the target of OT is epithelial cells, but not stromal cells [38] . Thus, the different responsiveness to TNF␣ or OT during the estrous cycle could be due to the changes of the proportions of stromal and epithelial cells. Further studies are needed to clarify these points.
In conclusion, the present study indicates the presence of functional TNF␣ receptors in the bovine cyclic endometrium and suggests a possible role for TNF␣ in the regulation of endometrial PGF 2␣ production in cattle. Moreover, the overall results of this study lead us to hypothesize that TNF␣ may play a novel role in the control of PGF 2␣ secretion in the initiation of luteolysis in cattle.
